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The word amphiphile was coined by Paul Winsor. It comes from two 
Greek roots. First, the prefix amphi which means "double", "from both sides", 
"around", as in amphitheater or amphibian. Then the root philos which expresses 
friendship or affinity, as in "philanthropisf (the friend of man), "hydrophilic" 
(compatible with water), or "philosopher" (the friend of wisdom or science). 
Amphiphilic compounds possess both hydrophilic and hydrophobic 
portions in the same molecule. In aqueous solutions, these amphiphilic molecules 
tend to self-associate in order to avoid the highly unfavorable interaction of their 
hydrophobic portions with the water molecules. As a result, formation of 
supramolecular aggregates, like micelles, etc., takes place. 
On the basis of the chemical structure, the hydrophobic self-association of 
solute may be classified into following four categories: (A) flexible chain 
compounds (surfactants, etc.), (B) aromatic or heterocyclic ring or fused structures 
(dyes, drugs, etc.), (C) alycyclic fused compounds (bile salts, etc.), and (D) 
macromolecular solutes (polymers, proteins, DNA etc.). 
Surfactants are one of the most ubiquitous and important families of 
organic compounds. Basically, we are living because special kinds of surfactants 
are present in all our cell membranes. Surfactants are found in different 
formulations used in a lot of industries like personal care, cosmetic, household, 
painting, textile, dye, polymer, food, agrochemical, oils and other applications 
such as waste water treatment. The world production is over 10 million tons per 
year and most of the products used in daily life are formulations that contain 
surfactants. Surfactants are characterized by two essential properties, their ability 
to lower the surface or interfacial tension, and their capacity to solubilize water 
insoluble compounds [1]. 
Surfactants bear an ionic (cationic, anionic or zwitterionic) or nonionic 
polar head group and a nonpolar hydrophobic portion. The polar part shows a 
strong affinity for polar solvents, particularly water, and it is often called 
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hydrophilic part or hydrophile while nonpolar is called hydrophobe or lipophiie. 
They play an essential role in the existence of life and are widely used in the 
industry, pharmacology, medicine, etc. [2, 3]. On dissolving in water they lower 
the surface tension and can form many types of aggregates in which solvated 
hydrophilic groups are located at the surface of aggregate [4, 5]. The self-
association gives rise to a rich variety of phase structures (Fig. 1.1). 
Surfactants exhibit other properties than lowering surface tension and that 
is why they are often labeled according to their main use such as: soap, detergent, 
wetting agent, emulsifier, dispersant, foaming agent, bactericide, corrosion 
inhibitor, antistatic agent, etc. In some cases they are known from the name of the 
structure they are able to build, i.e., membrane, microemulsion, liquid crystal, 
liposome, vesicle or gel. 
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Fig. 1,1: Examples of some of the (self-assembled) phase structures that can occur 
above the cmc with increasing concentration of surfactant: (1) spherical micelle 
('a' as cross-section); (2) 'worm-like' micelle; (3) lamellar phase; (4) cubic phase; 
(5) hexagonal phase 
Classification of Surfactants 
Based upon the nature (charge) of hydrophilic group, surfactants are 
classified as: 
(I) Ionic surfactants 
(a) Cationic surfactants: The surface active portion has a positive charge. 
Example: Hexadecyltrimethyiammonium bromide 
CH3(CH2),5N"(CH3)3Br-
(b) Anionic surfactants: The surface active portion has a negative charge. 
Example: Sodium dodecylbenzene sulfonate 
CH3(CH2),,Q,H4S03"Na^ 
(c) Zwitterionic surfactants: Both positive and negative charges are present in 
the surface active portion. 
Example: A -^dodecyl-A ,^A -^dimethyl betaine 
C|2H25N''(CH3)2CH2COO~ 
(II) Nonionic surfactants 
The surface active portion bears no apparent ionic charge. 
Example: Polyoxyethylene 20 cetyl ether (Brij58) 
CK,H33(CH2CH2O)20-OH 
(Ill) Bolaform surfactants 
Bolaform surfactants consist of two hydrophilic head groups, connected 
by a long, linear polymethylene chain (Fig. 1.2). 
Example: Potassium hexadecanedioate 
"02C(CH2),4COr2K" 
Long polymethylene chain 
Head] Head 
Fig. 1.2: Schematic representation of a bolaform surfactant. 
(IV) Dimeric surfactants 
The search for novel surfactants with greater efficiency and effectiveness 
has led to the concept of dimeric surfactants. Menger [6] coined the term "gemini" 
for describing dimeric surfactants, that is, surfactant molecules containing two 
hydrophobic groups (sometimes three) and two hydrophilic groups in the 
molecule, connected by a linkage (spacer) close to hydrophilic groups [6-9]. The 
interest in this field was generated more due to the report of Rosen [8] which 
pointed out that these surfactants could be more surface active by orders of 
magnitude than comparable conventional surfactants containing a similar single 
hydrophobic tail and a single hydrophilic group. A schematic representation of a 
gemini surfactant is shown in Fig. L3. Gemini surfactants are said to be unique to 
the world of surfactants. The length, flexibility, chemical nature of the spacer 
group has been shown to be of prime importance in determining the solution 
properties of aqueous dimeric surfactants [9]. The current interest in such 
surfactants is due to the fact that these surfactants possess exceptional surface and 
bulk properties, including rich variety of micellar structures, better wetting, 
foaming and solubilizing power, unusual viscoelasticity, and low Krafft point. 
These are the properties which are commonly used to evaluate surfactant 
performances. 
Head 1 : %)acer -- i^JHead 
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Fig. 1.3: Schematic representation of agemini surfactant. 
Micelle Formation and Critical Micelle Concentration 
One of the important properties of amphiphilic molecules is their capacity 
to aggregate in solutions. The aggregation process depends on the amphiphilic 
species and the conditions of the system at which they are dissolved. The 
concentration at which this phenomenon occurs is called the critical micelle 
concentration (cmc) [10, 11]. 
Davis and Bury [12] coined the term 'cmc' by defining it as a 
concentration range below which the surfactant molecules in the solution remain 
as monomers and above which practically all additional surfactants added to the 
solution form micelles, cmc is an important property of the surfactants which 
reflects its micellization ability. A good surfactant will have a lower cmc value. 
Below the cmc, the physicochemical properties of ionic surfactants resemble to 
those of strong electrolytes and, above the cmc, these properties change 
dramatically (Fig. 1.4), indicating that a highly cooperative association takes 
place. 
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Fig. 1.4: Changes in the physico-chemical properties of surfactant solution around 
the critical micelle concentration. 
The determination of the value of cmc can be made by use of many 
physical properties, but most commonly the breaks in electrical conductivity, 
surface tension, light scattering, or fluorescence spectroscopy-concentration 
curves have been used for this purpose. An excellent critical evaluation of the 
method determining cmc is included in the comprehensive compilation of the 
cmcs in aqueous solution by Mukerjee and Mysels [11]. 
In a micellar solution, there is always a dynamic equilibrium between 
surfactant monomers, monolayers and micelles (Fig. 1.5). 
Monolayer 
C' > CMC 
)ooooooooooa 
Monomers 
C < CMC 
Micelles 
C>CMC 
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Fig. 1.5: Surfactant existence in different phases, dependent on surfactant 
concentration. 
Aggregation Number 
Micelles can be characterized by their aggregation number (Nagg), which 
provides direct information about the general size and shape of aggregates formed 
by amphiphiles in the solution, and how these properties are related to the 
molecular structure of amphiphile. The average number of monomers in a micelle 
in a given population distribution is known as the aggregation number and is 
typically 30-200 in water. It is affected by the different factors such as nature of 
amphiphile, temperature [4, 13-15], type and concentration of added electrolyte [4, 
16-18], organic additives [19-22], etc. Generally, in aqueous medium greater the 
dissimilarity between amphiphile and solvent, the greater the aggregation number. 
An increase in the temperature appears to cause a small decrease in the 
aggregation number in aqueous medium of ionics. For nonionic surfactants, it 
increases markedly [23-25]. 
Micellar aggregation number decreases continuously with increase in 
pressure for nonionic surfactants [26, 27], although the number for ionic 
surfactants passes through a minimum at around 1000 atm. Aggregation number of 
ionic micelles is reported to increase [28-31] by the addition of electrolytes. 
Experimental techniques such as dynamic light scattering (DLS), small 
angle neutron scattering (SANS), steady-state fluorescence quenching (SSFQ), 
time-resolved fluorescence quenching (TRFQ), etc., may be used for 
determination of the aggregation number [32-39]. 
IVLolecular Shape 
The extent of interaction between water and amphiphilic molecules can be 
expressed by molecular shape and it is mainly determined by a balance between 
hydrophobic interactions of the hydrocarbon tails, electrostatic repulsion and 
hydration of head group [40]. The shape of micelle produced in aqueous media 
determines various amphiphilic solution properties such as, viscosity, 
solubilization, and cloud point. Amphiphiles, which form spherical micelle in 
water, have a conical shape in this aggregate type. Cylindrically formed molecules 
have a polar region that is equal to nonpolar, whereas wedge-shaped molecules 
have a large non-polar region thus forming, for example, reversed micelles. 
Substances with one hydrocarbon chain often belong to the conical group whereas 
substances with two chains or one chain with unsaturations, giving kinks, belong 
to cylinders and wedges. 
Israelachvilli, Mitchell, and Ninham [41, 42] developed a theory of micellar 
structure, which is based upon the geometry of various micellar shapes and space 
occupied by the hydrophilic and hydrophobic groups of the amphiphile molecules. 
8 
The volume VH occupied by the hydrophobic groups in the micellar core, the 
length of hydrophobic group in the core Ig, and the cross-sectional area ao occupied 
by the hydrophilic group at the micelle-solution interface are used to calculate a 
packing parameter (Rp), which determines the shape of micelle, as 
Rp=VH/aol, (1.1) 
The optimal cross-sectional area per amphiphile molecule is observed 
experimentally by X-ray diffraction of bilayer systems while the volume and 
length of hydrocarbon tail may be calculated by Tanford [43] equations: 
VH = (27.4 + 26.9 n) A^ (1.2) 
lc=(1.5+1.26n)A (1.3) 
(n is the number of carbon atoms in the hydrocarbon chain). 
Spherical micelles are formed when Rp is lower than 1/3; wormlike micelles are 
formed when Rp has a value in between 1/3 to 1/2; vesicles or bilayers are formed 
when 1/2 < Rp < 1. When the volume of the hydrocarbon part is large relative to 
the head group area (Rp > 1), reverse micelles are formed (Table 1.1). However, it 
is to be noted that the solution parameters such as concentration, pH, temperature 
and solvent polarity may heavily modify the specific structures formed. 
Table 1.1: Aggregate structures with their corresponding packing parameters 
Effective shape of the 
surfactant molecule 
Packing 
parameter(p) 
Type of aggregation 
cone 
<l/3 
spherical micelles 
1/3-1/2 
truncated cone 
1/2-1 
f ! 
cylinder 
>1 
inverted cone 
wormlike micelles 
mmj^^ iWiii. 
bilayers 
Vesicles 
reverse micelles 
Factors Affecting the Value of Critical Micelle Concentration 
Since the properties of solutions of amphiphiles change markedly when 
micelle formation commences, a great deal of work has been done on elucidating 
the various factors that determine the concentration at which micelle formation 
becomes significant (i.e., cmc), especially in aqueous media. 
Among the factors known to affect the cmc markedly in aqueous solutions 
are: (i) structure of amphiphiles, (ii) presence of various additives in the solution, 
(iii) experimental conditions such as temperature, pressure, pH, solvent, etc. 
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(i) Structure of amphiphiles 
In aqueous medium, ionic ampiiiphiles liave much higher cmc's than 
nonionic amphiphiles containing equivalent groups. Zwitterionic amphiphiles 
appear to have slightly smaller cmc's as ionics with the same number of carbon 
atoms in hydrophobic group, cmc is also affected by the position of hydrophobic 
group in hydrocarbon chain. The closer the hydrophilic group to the center of the 
chain, the higher the cmc; due to the two branches of the chain partially shielding 
one another. In aqueous medium, the cmc's of ionic amphiphiles decrease as the 
hydrated radius of the counterion decreases. An increase in cmc is also observed 
due to the presence of double bond in the chain. 
(ii) Presence of various additives in the solution 
(a) Effect of electrolytes: The presence of various electrolytes in an aqueous 
solution changes the cmc in such a way that the effect becomes more pronounced 
for anionic and cationic than for zwitterionic surfactants and more pronounced for 
zwitterionic surfactants than for nonionic. The effect of the concentration of 
electrolyte on the cmc of ionics is given by the following relation 
log cmc = a log Ci + b (1.4) 
where a and b are constants for a particular ionic group and c, denotes the total 
counterion concentration in mole per dm"' [44]. 
For nonlonics and zwitterionics, Eq. (1.4) does not hold. Instead, the effect 
is given by equation [45] 
log cmc =-k Ci + constant (ci < I) (1.5) 
where k is the constant for a particular surfactant, electrolyte and temperature and 
C| is concentration of electrolyte in mole per dm"'. 
The size of counterion is also a determining factor for the cmc value. As the 
size of counterion increases, counterion binding also increases due to decrease in 
hydrated radius of ion, and hence decrease in cmc occurs [40]. This is the reason 
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why (C3H7)4N"'is more efficient in reducing the cmc than(C2H5)4N^, which is 
more efficient than (CH 3)4^!^. 
There have been attempts to examine the salts effect on micelle formation 
in the hght of Hofmeister (lyotropic) series [46, 47]. The series plays a notable 
role in a wide range of biological and physicochemical phenomena. The change in 
cmc of nonionics and zwitterionics on the addition of electrolyte has been 
attributed [48, 49] mainly to salting-out or salting-in (i.e., the effects of ion size 
and decrease in dielectric constant) of the hydrophobic groups in the aqueous 
solvent by the electrolyte, rather than to effect of the latter on the hydrophilic 
groups of the amphiphile. Electrolytes capable of salting-out reduce the cmc of 
nonionic surfactants while salting-in electrolytes increase the cmc. The effect of 
anion and cation in the electrolyte is additive and appear to depend on the radius 
of the hydrated ion, that is, the lyotropic number; the smaller the radius of the 
hydrated ion, the greater the effect. A very recent study carried out by Moulik and 
coworkers [50] shows that, for a given anionic surfactant, the order of 
effectiveness in reducing the cmc decreases in the order Mg"'"> Cs''> {<.•"> 
NH/> Na*>Li'^. For a given nonionic surfactant, the effect of anions on the cmc 
follows the order F'> Cr> S0^"> Br"> P04'> C3H50(COO)3"> r > SCN'and 
the effect ofcations follows the order K"> Na^> Rb"> Li''> Ca-"> Al'^  [51]. 
(b) Effect of organic additives: Urea, formamide, and guanidinium sahs are 
believed to increase the cmc of surfactants in aqueous solution, especially poly-
oxyethylenated nonionics because of their disruption of the water structure [52]. 
This may increase the degree of hydration of the hydrophilic group, and since 
hydration of the hydrophilic group opposes micellization, may cause an increase in 
the cmc. These water structure breakers may also increase the cmc by decreasing 
the entropy effect accompanying micellization. The hydrophobic hydrocarbon 
chain of the surfactant is believed to create structure in the liquid water phase 
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when it is dissolved in it, and its removal from it via micellization consequently 
produces an increase in the entropy of the system that favors micellization. The 
presence of structure breakers in the aqueous phase may disrupt the organization 
of the water produced by the dissolved hydrophobic group, thereby decreasing the 
entropy increase on micellization. Since the entropy increase favoring 
micellization is decreased, a higher bulk concentration of surfactant is needed for 
micelle formation; i.e., the cmc is increased. Dioxane, ethyleneglycol, water 
soluble esters, and short-chain alcohols at high bulk phase concentrations may 
increase the cmc because they decrease the cohesive energy density, or solubility 
parameter, of the water, thus, increasing the solubility of the monomeric form of 
the surfactant and hence the cmc [52]. An alternative explanation for the action of 
these compounds in the case of ionic surfactants is based on the reduction of the 
dielectric constant of the aqueous phase that they produce [53]. This would cause 
increased mutual repulsion of the ionic heads in the micelle, thus, opposing 
micellization and increasing the cmc. 
(Hi) Effect of experimental conditions 
(a)Temperature: Temperature increase favours micellization due to decreased 
hydration of the hydrophilic group. However, temperature increase also causes 
disruption of the structured water surrounding the hydrophobic group, an effect 
that disfavours micellization. The relative magnitude of these two opposing 
effects, therefore, determines whether the cmc increases or decreases over a 
particular temperature range. From the data available, the minimum in the cmc -
temperature curve appears to be around 25 °C for ionics [54] and around 50 °C for 
nonionics [55]. For bivalent metal alkyl sulphates, the cmc appears to be 
practically independent of the temperature [56]. 
(b)Pressure: Many reports have appeared on the effect of pressure on the micelle 
formation of ionic [57-59] and nonionic surfactants. Although an increase in 
pressure up to 1000 atm increases the cmc, beyond the above pressure a decrease 
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in cmc is observed [60-63]. Such behaviour has been rationahzed in terms of 
soHdification of the micellar interior [60] increased dielectric constant of the water 
[61] and other aspects related to water structure. For nonionic surfactants, the cmc 
value increases monotonously and then levels off with increasing pressure. 
(c) Effect of pH: When amphiphile molecules contain ionizable groups such as -
NH2, -(CH3)2N->0 and -COOH, the degree of dissociation of the polar group 
will be dependent on pH [64]. In general, the cmc will be high at pH values where 
the group is charged (low pH for -NH2 and - (CH3)2N-^0, high pH for -COOH) 
and low when uncharged. Some zwitterionic surfactants become cationic at low 
pH, a change that can be accompanied by a rapid rise in the cmc [65], or a more 
modest rise [66] depending on the structure and hence hydrophilicity of the 
zwitterionic form. 
(d) Solvent: For micelle formation in polar nonaqueous solvents, the term 
"solvophobic interaction" has been coined, in analogy with "hydrophobic 
interactions" which causes micellization in aqueous medium [67]. 
Effect of Electrolytes on Structural Transitions 
The properties of micellar solutions such as cmc, aggregation number, 
micelle size and shape, etc., depend on the balance between "hydrophobic" and 
"hydrophilic" interactions [4, 13]. For ionic surfactants, this balance can be 
modified in several ways, e.g., salt addition, counterion complexation, addition of 
alcohols or other substances (that can be solubilized into the micelle), change of 
the solvent, or change of the "structure" of the solvent itself Amphiphilic 
substances are capable of forming supramolecular systems [68-70]. The micellar 
shape transition is important from both a theoretical and a practical point of view. 
Theoretically, because (i) it implies a micellar growth which seems to be related to 
the classical Derjaguin-Landau-Vewey-Overbeek theory (DLVO theory); (ii) the 
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more structuralized rod micelles, as compared to spherical micelles, can be related 
more closely to the formation of biological structures such as membranes; (iii) if 
the sphere-to-rod transition can be predicted from theoretical models it would 
promote a better understanding of micellar and related organized structures. The 
transition of different aggregate morphologies by addition of salts may be applied 
in bio-engineering, surface chemistry, and natural sciences. 
Generally, in the absence of salts at moderate concentrations, the surfactant 
aggregates exist in the form of spherical micelles in aqueous solutions. In the 
presence of salts, with its increasing concentration, the spherical aggregates tend 
to transform into nonspherical ones (viz., rod, branched or worm-like micelles). 
Among various factors acting on salt addition, the formation and growth of 
micelles are mainly favored by the screening of electrostatic repulsion among the 
polar head groups and movement of the hydrophobic alkyl chains away from the 
aqueous environment. This is evidenced by a decrease in cmc and an increase of 
the micelle aggregation number [71, 72]. Addition of salt to a surfactant often 
gives rise to a salting-out phenomenon, which is the result of the movement of 
water molecules (which are not playing the role of a solvent) from coordination 
shells of surfactant molecules to those of salts. Rod-like micelles are produced 
with ionic surfactants in presence of inorganic salts [73]. 
When salts are added to aqueous ionic surfactant solutions rod-like micelles 
are formed [71, 74-76] as its concentration reaches a threshold value, because the 
presence of salt ions near the polar heads of surfactant molecules decreases the 
repulsion force between the head groups. Due to this reduction in the repulsion, 
the surfactant molecules approach each other more closely and, as a result, larger 
aggregates are formed which require much more space for hydrophobic chains, As 
the spherical micelle has a small volume, it must change into the rod-like micelle 
to increase the volume/surface ratio. In the transition from sphere-to-rod, micelles 
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change their aggregation number dramatically and grow linearly, keeping their 
radii constant. 
The effect of inorganic salts on ionic surfactant solutions have been 
discussed in terms of electrostatic interactions, change in structure of water, ionic 
hydratability, etc.[13, 77-79]. Two main factors responsible for structural 
transition in presence of salts are - (a) electrostatic effect of simple salts due to the 
counterion binding on ionic micelles, (b) hydrophobic interaction between 
surfactant molecules or ions caused by the change in the hydrogen-bonded 
structure of water. 
The micellar transition is promoted by strong counterion binding, which 
can be shown by high increase in the relative viscosities [29, 80-86]. Micellar 
sphere-to-rod transition is highly dependent upon the nature of counterions. 
'Counterions' are bound primarily by the strong electrical field created by the head 
groups but also by a specific interaction that depends upon head groups and 
counterion type. There has been numerous studies of dilute and moderately 
concentrated aqueous cationic surfactant solutions [29, 76, 78, 80-100], with 
aqueous salt solutions using different techniques such as light scattering [89, 90, 
97] flow birefringence [96, 101], viscosity [89], solubilization [93, 95], 'H N M R 
[91], SANS [94, 100], electron microscopy [99], etc. 
Ikeda et al. [29] measured light scattering from aqueous solutions of SDS in 
the presence of 0.8 M NaX (X = F~ CI", Br", F, or SCN") at 35°C and found that 
the molecular weight of the rod-like micelles depends on the co-ion species of 
added salt and changes in the order of the lyotropic series of halide ion except for 
SCN" ion: NaSCN < NaT < NaCl < NaBr < Nal. The difference in the micelle size 
caused by the effect of co-ion species on hydrophobic interaction in the micelle 
formation or the extent of destruction of the hydrogen-bonded structure of water. 
They [75, 76] showed that for sodium dodecyl sulphate (SDS) and for a series of 
cationic surfactants in NaCl solutions a sharp break in the apparent micelle 
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molecular weight is observed when the NaCl concentration reaches a value of 0.45 
M and the breakpoint corresponds to the sphere-to-rod transition. 
Symmetrical quaternary ammonium ions (R4N )^ are essentially less 
hydrated and, therefore, binding with the micelle will be favorable. On the other 
hand, KAH^ has a low charge density and may also try to intercalate between head 
groups of anionic micelles. This will decrease the electrostatic interactions in 
addition to increased hydrophobic interactions. All these factors contribute 
towards micellar growth [101]. 
Several reports indicate that change from Li^  to Cs^ induces micellar 
growth, which is related to hydration of specific counterion [102]. The formation 
of rod-like micelles can be strongly enhanced in anionic surfactant solutions in 
presence of multivalent counterions (Ca^ ,^ Al''^ ) [103, 104]. Al""^  can bind together 
three surfactant head groups at the micelle surface, thus, causing a decrease of the 
area per head group [103]. This induces a transition from spherical-to-cylindrical 
micelles. 
Usually, spherical micelles are formed in combination with halide 
counterions, whereas aromatic counterions often induce the formation of rod-like 
micelles at relatively low surfactant and counterion concentrations [105]. The 
formation of such rod-like micelles is attributed to the strong binding of organic 
counterions on surfactant micelles (at the level of the head groups of surfactants) 
to minimize the contact of their bulky hydrophobic part with water (Fig. 1.7). 
Water 
+ + + .. + + 
Micelle core 
Fig. 1.7: Schematic representation of the binding of organic anions at the micellar 
interface of cationic surfactants. 
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The organic counterions have strong tendency to affect the organized 
assemblies as compared to the inorganic counterions, as, besides the electrostatic 
interaction, they have additional hydrophobic interaction [106, 107]. Organic 
counterions, having central benzene ring, penetrate into micelles by inducing 
strong hydrophobic interaction and hence reducing electrostatic repulsion between 
the hydrophilic head groups, which give rise to tight packing and possible reduced 
curvature of surfactant aggregates. They are capable of producing strong 
viscoelasticity in the conventional cationic surfactants [108-110], which confirms 
the formation of rod- and worm-like micelles in ionic surfactants with organic 
counterions. Also, the position of substituent group present on the benzene ring of 
organic salt affects the extent of hydrophobic interaction between organic 
counterions and surfactant aggregates [106, 111]. 
Anions such as salicylate are known to promote very efficiently the growth 
of cationic micelles. Solutions of worm-like micelles so formed have interesting 
rheological properties [112-114] and the theories of the structure and dynamics of 
these complex systems have been well developed [115, 116]. Worm-like micelle 
containing systems [117] are discussed intensely as drag reducing agents (DRA) in 
recirculation systems [118-120] and in fracturing fluids in oil production [117]. 
Different organic saks, also often called hydrotropes, are commonly short 
amphiphilic molecules (often with a bulky "hydrophobic" part) that, without 
forming micelles at high concentrations, enhance the solubility of a variety of 
hydrophobic compounds in water [121]. Many salts with hydrophobic counterions, 
such as sodium salicylate (NaSal), sodium benzoate (NaBen) and sodium tosylate 
(NaTos), are particularly effective in inducing micellar growth even at low 
concentrations. Variations occur in the rheological properties with increasing salt 
content complex [110, 122. 123]. The classic examples are solutions of CTAB and 
NaSal [124], for which the zero-shear viscosity (r|o) goes through a maximum at 
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low NaSal concentrtions, then a minimum, and subsequently a second maximum 
around IM NaSal. NMR studies on the cetyltrimethylammonium salicylate system 
reveal that the 'H lines for the -N ^ (CH3) group are shifted to higher fields, and 
the signals are broadened [105, 124-126]. The salicylate anion orientates in such a 
way that the negatively charged site (COO"^  group) stands perpendicular to the 
micellar surface [105]. 
Relevance of the Research Problem 
Gemini surfactants have attracted wide attention by virtue of their 
appealing properties which include high surface activity and low cmc values, 
unusual viscosity changes with an increase in surfactant concentration, greater 
efficiency in lowering the interfacial tension, better wetting and solubilizing 
abilities, unusual micellar structure, etc. [8, 127]. 
Increasing demand for newer materials with improved properties in most of 
applications has given emphasis to the use of surfactants in presence of additives. 
'Synergy' is the best way to improve the surface or interfacial properties of a 
surfactant. Usually, the additives can improve the desired properties of surfactant 
solutions. The most widely used additives are sahs, alcohols and amines. 
A vast majority of experimental data are available on solution/aggregational 
behavior of conventional surfactants in presence of different classes of additives. 
Limited studies on the influence of a variety of additives (organic/inorganic 
compounds, non-electrolytes, surfactants, etc.) by Kabir-ud-Din and coworkers 
have yielded important results including structural transitions and growth of 
micelles in gemini solutions [128-134]. However, except for some earlier studies 
done by others [72, 106, 135-147] and Kabir-ud-Din and coworkers [128, 129, 
134] on the interaction of salts (inorganic and organic) with cationic gemini 
micelles, studies on the gemini-salt systems is still scarce. Survey of the available 
19 
literature reveals that no attempt has been made to study the effect of additives on 
the miceliization/aggregation phenomenon of biodegradable ester bonded 
dicationic gemini surfactants. Herein, we report, for the first time, the effect of 
inorganic and organic salts on the aggregation of two biodegradable gemini 
surfactants where we have covered details of the following: (1) the influence of 
inorganic and organic counterions, and (2) assessment of the solubilization sites of 
added salts in the gemini micellar systems. The implication of the results of the 
present study is expected to be useful in understanding and predicting the 
surfactants' selection for controlled drug release/targeted delivery and may also be 
useful in micellar catalysis. 
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Materials 
The materials used throughout the whole study are mentioned in Table 2T, 
including their abbreviated names, chemical formulas/structures, sources, and 
purities. All additives (inorganic and organic salts) were used as received. 
Synthesis 
The synthesis of gemini surfactant involved two steps: 
(1) Preparation of spacer, ethane-1,2-diyl-bis(chloroacetate). 
(2) Attachment of spacer to polar part. 
(1) Preparation of spacer 
Ethane-l,2-diyl-bis(chloroacetate) was prepared as follows; 
Chloroacetyl chloride (0.22mol) was placed in a dried, four-necked, round-
bottomed flask equipped with a magnetic stirrer, a thermometer, a condenser 
(closed with calcium chloride tube) and an additional funnel. Glycol (0.1 mol) was 
added dropwise via the additional funnel in a nitrogen atmosphere. The mixture 
was heated to 50 "C and reaction was continued for 8 h. After completion of the 
reaction, the HCl gas generated in the reaction was removed under reduced 
pressure. Small quantity of water was added to the reaction mixture by washing 
bottle and mixture was transferred to a separating funnel. When organic phase 
separated from water, it was washed with brine (saturated solution of NaCl) 
several times until it was neutral. The product was dissolved in ether and dried 
with MgS04 and then distilled under reduced pressure. At last, colourless 
columnar crystals of intermediate ethane-l,2-diyl-bis(chloroacetate) were 
obtained. 
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(2) Attachment of spacer to polar part 
0.21 mol N,N-dimethyltetradecylainine (or N,N-dimethylhexadecylamine) 
and 0.1 mol of ethane-l,2-diyl-bis(chloroacetate) were placed in a three-necked, 
round-bottomed flask equipped with a magnetic stirrer, a thermometer and a 
condenser. Ethylacetate was added to the flask as a solvent. The solution was 
heated to reflux and the reaction was carried out for 10 h. The product was 
recrystallized thrice from ethylacetate-ethnol mixtures (V ethylacetate V, etiinol 5:1). 
Gemini 14-E2-14 and 16-E2-16 were finally obtained as a white powder. 
CH2OH 
CH2OH 
CH2OOCCH2CI 
CH2OOCCH2CI 
°^ n, CH2OOCCH2C 
50 C, 8h I 2 ^ 
+ 2C1CH,C0C1 *-
CH, 
-. 2NC,H2n„ 
CH, 
N, CH2OOCCH2CI 
.CH3 
reflux,! Oh ) 
Ethyl acetate 
CH2OOCCH2 NC,H2„+|.Cr 
CH3 
CH2OOCCH2—NCnH2„+, .cr 
CH, 
Scheme 1. Synthetic route to gemini 14-E2-14 and 16-E2-16 
( 1 4 - E 2 - 1 4 : n = 1 4 ; 1 6 - E 2 - 1 6 : n = 1 6 ) ' 
The purity of the gemini surfactants was ensured by the absence of 
minimum in surface tension (y) versus log [gemini] plots (see plots in Chapter 3). 
Preparation of Solutions 
The water used to prepare solutions was distilled twice over alkaline 
KMn04 in all-glass (Pyrex) distillation setup. Specific conductivity of the double-
distilled water was in the range (5-15) x 10" "^  S cm"'. Special care was taken for 
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cleaning the glasswares with chromic acid and then by rinsing with the double-
distilled water. 
Instrumentation 
Surface tension (y) measurements 
The tensiometric measurements were performed using a platinum ring by 
the ring detachment method with a Kruss tensiometer Model Kll MK3. 
Temperature was maintained by circulating water from an Orbit RSI OS 
thermostat. All the experiments were performed at 30 °C. Doubly distilled and 
deionised water was used throughout. Stock solutions of surfactant were prepared 
by dissolving the surfactant in aqueous + sah solution. To avoid adsorption kinetic 
effects, measurements were performed 5-10 minutes after the addition of 
surfactant solution. The surface tension values decrease continuously and then 
become constant along a wide concentration range. The point of break, when the 
constancy of surface tension begins, was taken as the cmc of the system. 
Fluorescence measurements 
The micelle aggregation numbers of pure and salt systems were determined 
by steady state fluorescence quenching technique using Shimadzu 
spectroflurometer-5000 (Japan) with excitation and emission slit width of 5 nm. 
Pyrene and cetylpyridinium chloride (monohydrate) were used as probe and 
quencher, respectively. An aliquot of the stock solution of pyrene in ethanol was 
transferred into a standared volumetric flask and the solvent was evaporated. The 
surfactant solution was added and the pyrene concentration was kept constant at 
3xlO'''M. Excitation wavelength was kept at 337 nm and emission wavelength was 
recorded in the range of 350-450 nm. The obtained spectra have five vibronic 
peaks. 
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' H N M R measurements 
'H NMR spectra of the synthesized geminis were recorded on 300 MHz 
Bruker Avance NMR spectrometer (Central Drug Research Institute, Lucknow) in 
D2O with 'H chemical shifts relative to internal standard tetramethylsilane (TMS). 
The H NMR spectra for understanding the sah effects on geminis were 
also obtained with Bruker Avance 300 NMR Spectrometer at 30 "C. The stock 
solutions of geminis (in the absence and presence of salts) were prepared in D2O. 
About 1 ml of each solution was transferred to a 5 mm NMR tube and chemical 
shifts were recorded on the 6 (ppm) scale (reproducibility within 0.01 ppm). The 
line widths at half heights (Iw) were measured from spectra and are accurate to ± 
0.1 Hz. 
Viscosity measurements 
A fluid may be considered to be consisting of molecular layers arranged 
one over the other. When a shearing force is applied to a liquid, it flows and the 
forces of friction between the layers offer resistance to this flow. Viscosity of a 
liquid is a measure of its frictional resistance. Viscosity is expressed as dyne-
seconds per cm or poise. In practice, smaller units centipoise and milipoise are 
used. 
Various methods are used for measuring viscosity, r]. The method 
commonly employed is based on Poiseuille's law, which is given by, 
r| = 7irV8vl (2.1) 
where v is the volume in cm' of the liquid flowing in t seconds through a narrow 
tube of radius r cm and length 1 cm under a hydrostatic (driving) pressure of p 
N/ml 
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Hence viscosity of a liquid is determined with respect to another liquid, 
usually water. This is called relative viscosity (rjr). If t| and t2 are the times 
of flow of the same volume of water and the liquid, respectively, then 
"Hr^ 11l/^ll2 ^ ra-'^tiPi/Svl • 8vl/7tr''t2P2 = t]Pi/t2P2 ( 2 . 2 ) 
Since the pressure is proportional to the density (p), we have 
ri,.= tip|/t2p2 (2.3) 
Ozeki and Ikeda [148] found density corrections to be negligible, r|r value 
may, therefore, be calculated using equation 
r|r=t,/t2 (2.4) 
The viscosity measurements were carried out using an Ubbelohde 
viscometer, suspended vertically in a thermostat at 30 ± 0.1 °C. The viscometer 
was cleaned and dried every time before use. In order to check the reproducibility, 
the time of fall for every measurement was noted atleast twice with a calibrated 
stop watch (reproducibility within ± 0.1 %) 
25 
3 
OH 
« 
[ / ) 
=3 
c/3 
"3 a 
s (U 
^ 
o (U 
x; 
- ^ j 
c^ -
o 
1/2 
-5 
3 
a 
o C M 
• — < JC 
d 
-*—* o 3 
'^ ^ i/i 
T3 
C 
CC 
C/) 
D 
s cS 
^ 
^^  
ri 
3 
c« 
H 
3 
L. 
O 
fe 
"^ 
;. 3 
3 
L. 
4 ^ 
C/5 
S 
^O 
4-> 
« 
• ^  
> 
a> ;• £i 
Si 
< 
w ;z^  
OS 
C3 
(U 
03 
OS 
c 
c3 
o o 
c3 
ON 
OS 
o 
< o 
00 c i 
00 
OS 
(U 
Xi 
U 
o c 
OS 
OS 
E 
7 3 
N 
C/3 
0 0 
OS 
B 
p 
s 
z ON 
u 
z 
K 
o 
u 
rs 
O 
u 
u 
o 
X 
u u 
t/i 
'in 
. £ 
3 
!Z1 
;. 
,o < M 
-o 
V !/3 
3 
<ri 
3 
ex 
03 
oi 
OJ 
c 
'E 
iS 
<u 
-o 03 
X 
>. 
- C 
-*-J 
<U 
£ 
1 
Z 
X 
(U 
c 
•g 
JS 
o 
(U 
T3 
ca 
">> 
^ 
-tr-i (U 
£ 
Q 
1 
^ 
;z; 
, 
o o >-. 
M 
lU 
r^  
^ 
"C 
_o 
o 
u 
o 
o 
G 
PL, 
O 
(N 
u 
:z 
X 
u 
u 
u 
o 
to 
OS 
OS 
OS 
O N 
C O 
O 
03 
..-H 
T3 
C 
i-M 
-^^  
<U 
C! 
C 
-d 
in 
03 
t3 
C 
K H 
(D 
c 
t M 
t3 
00 
X 
u 
o 
d) 
.5 ^ 
. £ c3 
U 3 
Iw 
S. 
"^ 
^ 
• * - • 
(U 
^ 
_a 
3 C/} 
S 
CAl 
(U 
C W) 
03 
rsi 
ON 
ON 
ON 
ON 
Al 
00 
ON 
Al 
ON 
ON 
i n 
ON 
ON 
-a (D 
N 
IZl 
<D 
J = 
+-• 
c 
>% t/2 
(*-< 
(U 
C/) 
-a 
u N 
(A (D 
^ 
- 4 - * 
c 
>. 1/3 
C ^ 
u C/D 
U 
O 
O 
u (N 
X ^ 
u o w r^ 
• - 7 GS 
1 ^ ^ ^ 
^ S rn "^ 
X r j 
U ^4 
(N T^ 
u 
o 
o 
u (N 
X ^ 
U D 
+ ^ ^ 
^ Jr 
^ E m -o 
rn ^ 
u% 
(N 
^ o 
.^ a 
^ :z .a 
c 
u 
3 
*s 
i 
o 
C/3 
1 
^ 
1 
1 
D 
d 
ci 
PJ 
C 
O 
£ 
e 
K! 
+-J 
(0 
1 
'C 
o 
X i 
u 
NO 
I 
w 
I 
NO 
0 o 
B t3 
CO O 
:s a 
'"? ">> 
r-W "O T 3 
1 K! • - -
Ji X o 
^ ^ J3 
-3 
p ^ p 
S 
I/) 
s 
U 
o 
e 
aj Z: H3 N^ ; 
1) 
o 
o 
(/) 
c/) 
O 
4-* 
03 
C 
c/3 
03 
O 
PH 
5 
^ 
c 
p 
S 
^ O u U 2^  (^  
^ ^ ^ 
O 
O 
03 
O 
OH 
oj 
c 
p 
s 
2 
•3 
03 
z o 
o 
u 
1/-) 
ffi 
o 
u 
z o 
o 
u 
o 
'^  X 
•o 
u 
<u 
CQ 03 
:z 
"3 
C/5 
aJ 
Z 
Vi 
- w 
"sS 
1/3 
_ y 
'S w 
0 
(D 
03 
O 
N 
(U 
JD 
a 
_3 
-a 
o 
i3 
"?» o 
13 tfi 
a 5 
^ 
o 
C/5 
' ' • ^ 
^Sanded QDiecUumh ^emmt (^u4f(ieiia/nM 
m Credence of t^TJclc^^ 
'^:^ ^ < : ^ 
Introduction 
Surfactants have a clear influence on the environment because of their use 
in products or processes, hence there are concerns regarding their effect, 
particularly their biodegradability in the environment and their toxicity to aquatic 
life. The toxicity of cationic surfactants is believed to arise from their ability to 
interact strongly with negatively charged surfaces, including the lipid membrane 
of biological cells [149]. During the development of new kinds of surfactants, 
environmental problems may be a main concern. Due to the increased legislative 
pressure and requirements on environmental protection, design of environmentally 
favorable products to replace conventional surfactants may be a main trend. 
Biodegradable surfactants represent great alternatives for non-biodegradable 
surfactants in many industrial applications. The optimum utilization of 
biodegradable surfactants in many applications requires deep understanding of 
their behavior and performance. 
Surfactants self-assembly at interface is an important phenomenon with 
applications in many industrial areas such as food, cosmetics, emulsions, 
pharmaceuticals, oil recovery, consumer care products, detergent formulations, 
self assembly of protocells, and controlled drug delivery. Their self-association 
into different microstructures in aqueous solution, like micelles, vesicles, and the 
lamellar phase depends on the solution conditions. An increase in surfactant 
concentration, change in pH, temperature, addition of cosurfactant, salt, and an 
oppositely charged surfactant can promote micellar growth. Control of surfactant 
self-assembly by means of additives is critical in many applications and could 
provide a breakthrough in the construction of artificial biomimetic architectures 
[150]. Spherical micelles, in certain cases, can grow anisotropically to flexible 
worm-like micelles leading to highly viscous solutions. A dynamic equilibrium 
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exists between the worm-like micelles, they break and recombine in a 
characteristic time scale depending on the prevailing physicochemical conditions, 
and are sometimes referred to as "living polymers" [151]. Viscoelastic worm-like 
micelles may function as reversible thickening and rheology control agents in 
aqueous formulations, in a way similar to high molecular weight polymers and 
thus, have attracted much interest in fundamental research and practical 
applications. 
The microstructure of worm-like micelle is correlated to a packing 
parameter, Rp, of approximately 1/2. The effective head group area (ao) is affected 
by an additive in the solution and is responsible for increased Rp and, therefore 
transition to higher order aggregates, like, worm-like micelles [116]. A detailed 
understanding of the micellization phenomena, its fundamental aspects, use of 
related structures for technological developments, and understanding molecular 
behavior requires a comprehensive knowledge of the forces and factors controlling 
the micellization process. One approach that is widely being practiced for the said 
knowledge has been the study of effect of additives [111, 152-154], especially 
salts, on the micellization characteristics, cmc, a, and aggregation number (Nggg) 
of ionic surfactants. There are several factors to decide the effect of salts on the 
structure and formation of micelles, such as chemical structure, nature (organic or 
inorganic), hydrated size of the counterions, etc. The effect of added salts on the 
micellization parameters has been attributed almost entirely to the counterion 
effect. Studies on surfactants have shown that the counterion exerts a strong 
influence on the cmc, aggregation number, size and shape of aggregates of ionic 
surfactant systems. When surfactant and salt are mixed, a phenomenon termed as 
salting-out happens. According to hydration theory [155], sahing-out is the resuk 
of preferential movement of water molecules, which immobilize and quench their 
role as solvent, from coordination shells of surfactant molecules to those of salts. 
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In this cuiTent study we aim to provide insights into the interfacial 
behavior, the micellization and the micellar morphology of biodegradable gemini 
surfactants in the absence and presence of elctrolytes. Surface activity and 
micellization behavior of a given ionic surfactant depends sensitively on the 
counterions chosen. Though this effect is common, most studies of counterion 
effects have been focused on inorganic counterions whereas systematic studies on 
organic counterions, e.g., of cationic surfactants are limited [106]. In particular, 
such studies involving gemini surfactants have been scarce. We performed, 
therefore, surface tension measurements on various transparent mixtures of the 
cationic geminis and sahs (KCl, KNO3 KSCN, NaBen, & NaSal) in water to learn 
about the effect of inorganic as well as aromatic anions on surface activity and 
micellization. The measurements show that the cmc values of the geminis are 
strongly reduced by adding the salts (inorganic & organic salts) compared to the 
data of the pure geminis in water. Large differences are found as a function of the 
counterion's nature. Salting-out is a complex phenomenon which depends on not 
only the nature of salts but also the spacer of the gemini surfactants [156], There is 
a restriction in electrostatic repulsion among the surfactant head groups and 
increase in hydrophobic interactions with the addition of salts which, in turn, 
enhance the stability of micelles thus influences the morphology of aggregates in 
ionic surfactant solutions [157]. 
Results and Discussion 
Micellization and Surface Activity 
The profiles of surface tension (y) versus log [surfactant] are typical of 
soluble surfactants that adsorb at the air/liquid interface. Figs. 3.1 & 3.2 show the 
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dynamic surface tension of 14-E2-14 and 16-E2-16 at the air-liquid interface as a 
function of surfactant concentration. The reduction in the surface tension was due 
to the accumulation of the surfactant molecules at the interface. As the bulk 
concentration of the surfactant was increased, the reduction in the surface tension 
was also increased. Equilibrium surfactant interfacial concentration depends on the 
properties of the bulk (including surfactant characteristics) and the interface. As 
the concentration of the surfactant in the liquid bulk was increased, its interfacial 
concentration was also increased until the interface was saturated by the surfactant 
molecules. Any further increase in the surfactant concentration in the liquid bulk 
would promote the association of the surfactant molecules into the micelles. 
The critical micelle concentration (cmc) was obtained from the plot of the 
equilibrium surface tension versus the natural logarithm of surfactant 
concentration in the liquid bulk as shown in Figs. 3.1 & 3.2. The cmc is the value 
at which there is no further decrease in the surface tension with further addition of 
surfactant. In the plots of surface tension versus log [surfactant], the cmc 
corresponds to the point where a break in the curve occurs. Under the 
experimental conditions of the current study, the cmc of 14-E2-14 and 16-E2-16 
was found to be 0.00147 mM and 0.00128 mM, respectively. It has been reponted 
that the presence of electrolytes in the ionic surfactant solutions reduce their cmc's 
[158-161] due to the charge screening effect, which leads to a reduction in the 
Debye length [13, 162]. As the Debye length decreases, the repulsive interactions 
between similarly charged head groups also decrease, which promotes micelle 
formation at a lower surfactant concentration. At a high enough electrolyte 
concentration, the charge-charge interaction between surfactant head groups might 
be totally diminished, allowing the charged surfactant molecules to form close-
packed micelles. 
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For geminis 14-E2-14 and 16-E2-16 the cmc values decrease with changing 
counterions and the magnitude of this decrease fallows the order: 
NaSal > NaBen > SCN'> N03"> CF 
The inorganic salts affect the ionic surfactant solutions through electrostatic 
interactions. The inorganic salts are mainly considered as thickening agents for 
surfactant solutions. It is well known that the structure of the micelle is controlled 
by the hydrated size of the counterions for inorganic salts and the counterions with 
higher hydrophilicity prefer to stay in the bulk of micellar solution and therefore, 
are less effective to screen the charge on the micellar surface. Chloride and nitrate 
ions are slightly different in size and due to their respective positions in the 
Hofmeister series, nitrate ion causes more pronounced transition to larger 
aggregates. Sufficient amount of CF and N03~ anions reside in the Stern layer of 
the micelles allowing them to cause micellar transition. It has been demonstrated 
that, unlike small anions, large chaotropic anions penetrate deeply into the 
interfacial region of the monolayer. SCN" ions are large, poorly hydrated, and 
have high ion pairs with cationic surfactants. Farge anions are more hydrophobic 
and hence prefer to stay in the bilayer interior, which is explained by a less 
structured hydration shell. Thus, saUs containing large SCN^ ion having a weakly 
distributed charge induce micellar growth more efficiently. 
Organic salts including sodium benzoate, sodium salicylate with an 
aromatic phenyl group so called hydrotropes have also been studied in ionic 
surfactant systems. The organic salts may influence the morphology of micelles in 
a manner that depends upon the extent of their penetration into the micelles. Both 
NaBen and NaSal decrease the cmc values and greatly enhance the tight packing 
of the cationic gemini surfactants at air-water interface. The self-aggregation of 
gemini micelles in presence of organic salts is the resultant of both the 
electrostatic and hydrophobic interactions. In the absence of salts, the two charges 
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on the gemini head groups keep the surfactant molecules away from each other by 
means of electrostatic repulsion. Salts are added to screen the effective charges in 
the head group. Aromatic counterions have strong tendency to penetrate the head 
group region and thus there is micellar growth at lower loading of the micellar 
surface as compared to weakly penetrating inorganic counterions. Generally, it is 
found that the cmc values decrease with increase in the concentration of the 
aromatic salts. The anion with more hydrophobic skeleton among organic salts 
gives rise to considerably lower cmc's. Thus, the properties of aqueous solution of 
cationic gemini surfactants can be efficiently modified by the addition of salts, 
especially organic salts and large-sized inorganic salts. 
The surface tension values of pure 14-E2-14, 16-E2-16 as well as of 14-Ei2-
14/salt, 16-E2-16/salt (KCl, KNO3, KSCN, NaBen, & NaSal) solutions of 
different concentrations were measured at 30 °C (Figs. 3.1 & 3.2). The cmc values 
obtained from the intersection of surface tension (y) versus log [surfactant] plots 
for each salt concentration are given in Tables 3.1 & 3.2. The decrease in cmc 
values of the gemini surfactants with increase in salt concentration is due to the 
'synergistic effect' for the mixtures of cationic gemini surfactants and the salt 
counterions. The cmc values decrease upon increasing salt concentration due to 
the reduction in the electrostatic repulsion between the intermolecular head 
groups, thus favoring micellization. The difference in cmc values is found as a 
function of the nature of counterions. The inorganic ions have been found to obey 
Hofmeister series, which is a measure of the ability of the ions to denature 
proteins, the stronger ions have been placed higher on the list. 
Various thermodynamic parameters were calculated for the gemini-salt 
systems. Values of the Flemc were obtained by the equation: 
ricmc^yo-ycinc (3.1) 
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where y,, and Yeme are the surface tension of the solvent and the mixture at the cmc, 
respectively. The increasing values of ricmc with increasing salt concentration 
indicate that the efficiency of the system increases (Tables 3.1 & 3.2). 
The values of r„,a.^  of gemini surfactant molecules at the air/solution 
interface were calculated by using Gibbs equation [163] 
r,„ax= (-l/2.303nRT)(dY/dlogC) (3.2) 
where R is the gas constant (8.314 Jmof K' ) and T the temperature in Kelvin. The 
factor n is the number of species at the air/aqueous interface, n is introduced to 
allow for simultaneous adsorption of cations and anions. For divalent geminis, n is 
taken as 3 (the divalent amphiphile and the two counterions) [164, 165]. The slope 
of the tangent at the given concentration of the surface tension (y) versus log 
[surfactant] plot was used to calculate r,„ax, which increases with an increase in the 
concentration of salts (Tables 3.1 & 3.2). The presence of salts decreases the 
repulsion among the head-groups and more gemini surfactant molecules can be 
adsorbed at the interface. 
Using Fmax values, the minimum area per molecule, Amjn, can be evaluated 
as [166] 
An„n=10' '^ / (NA.r„ax)(A-) (3.3) 
where NA is avagadro's number. The A,„i„ decreases with increasing the salt 
concentration (Tables 3.1 & 3.2). This decrease is due to progressive charge 
shielding and closer packing of the gemini surfactant ions at the surface. 
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To quantify the effect of salts in the mixture on the micellization process, 
the standard Gibbs energy of micellization, AG",,,, and the standard Gibbs energy 
of adsorption, [167] (AG"ads) were calculated by using Eqs. (3.4) & (3.5). 
AG\ = RTlnX,,,, (3.4) 
AG°,ds=AG^-n,„e/r„,ax (3-5) 
The standard state for the adsorbed surfactant is a hypothetical monolayer 
at its minimum surface area per molecule, but at zero surface pressure. Both AG",,, 
and AG°ads values are negative (Tables 3.1 & 3.2). It is the hydrophobicity which 
leads an amphiphile towards the air/water interface and thus, is the main cause of 
adsorption. The last term in Eq. (3.5) expresses work involved in transferring the 
surfactant molecule from a monolayer at a zero surface pressure to the micelle. 
This term is small as compared to AG°m, which indicates that the work involved in 
transferring the surfactant molecules from a monolayer at zero surface pressure to 
the micelle is negligible. All the negative AG"ads values imply that the adsorption 
of the surfactant molecules at the air/water interface takes place spontaneously. 
Micellar Aggregation Number ( N ^ 
Fluorescence probe technique has been used in a variety of ways to study 
structural and dynamic aspects of surfactant aggregates in solution. Information 
regarding the structure of the micelle can be obtained from studies of various 
photophysical properties such as the life-time of excited probe, excitation and 
emission spectra, vibronic intensity ratios, anisotropics and quantum yields [168]. 
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Quantum yield studies provide information regarding micelle size as well as the 
dynamic properties of both the micelles and of species solubilized therein [169]. 
The aggregation number (Nggg) of micelles in absence and presence of salts 
(inorganic and organic) at different salt concentrations were determined from 
steady state fluorescence data [170-172] using the relation 
ln[Io/I] = N [Q] / [Q-cmc] (3.6) 
where IQ and I are the intensities of fluorescence emission for third vibronic peak 
in the pyrene emission spectra (at 375 nm) in the absence and presence of the 
quencher, respectively. [Q] is the concentration of the quencher, Ct the total 
surfactant concentration (ImM) and cmc the critical micelle concentration at the 
given salt concentration. The plots of ln[Io/I] versus [Q] in pure gemini surfactants 
and gemini surfactants in presence of various salts are shown in Figs. 3.3 & 3.4. 
The values of Nggg calculated from slopes of linear fits are given in Tables 3.3 & 
3.4. The Nagg varies as a function of nature and concentration of the added salt. 
The variation of Nggg with concentration is slow in case of inorganic salts whereas 
it is faster in presence of organic salts. There are various physical evidences that 
polar organic molecules solubilize in palisade region of ionic micelles and that 
nonpolar solutes tend to dissolve preferentially in the core of the micelle. In case 
of NaSal and NaBen, the generalization is that such additives do not simply locate 
at the exterior of the micelle but, due to their hydrophobic nature, insert their 
hydrophobic part into the interior of micelle. The main support for this behavior of 
polar organic additives containing a hydrophobic moiety is being provided by 
NMR studies (see later). Thus, it can be concluded that NaSal and NaBen salts 
penetrate the micelle from their hydrocarbon end with the ionic group lying in the 
outer hydrophilic shell of the micelle. This penetration results in charge 
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neutralization in head group region and simultaneous increase in hydrophobic 
interactions in the micelle. Such interactions favor micellization and hence result 
in increase of aggregation number. The inorganic salts (KCl, KNO3, and KSCN) 
interact with the micelle only electrostatistically. The general consensus is that CI 
and NOB"^  ions reside in the Stern layer of the micelle allowing them to cause 
micellar transition. However, SCN' ions are more hydrophobic and hence prefer to 
stay in the bilayer interior, which is explained by a less structured hydration shell. 
These ions penetrate deeply into the interfacial region of the micelle leading to 
tight packing of surfactant aggregates and hence influence the morphology of 
aggregates in ionic surfactant solutions. Thus, the addition of salt leads to an 
increase in Nagg, the order fallowed being NaBen > KSCN > KNO3 > KCl. It was 
not possible to calculate the aggregation number of the surfactants in presence of 
sodium salicylate because of the absence of characteristic vibrational spectra of 
pyrene (5 peaks). 
H^ NMR Studies and Viscosity Measurements 
The morphological changes produced by the addition of salts were studied 
through H NMR and viscosity measurements above the cmc values. NMR 
spectroscopy is the most convenient and powerful method to probe the location 
and orientation of molecules in and around the micelles and monitor the changes 
in aggregate morphology by means of chemical shift changes for surfactant and 
additive proton resonances. 'H NMR spectra of pure 14-E2-14 (0.0074 mM), 16-
E2-16 (0.0064 mM), 14-E2-14/salt, and 16-E2-16/salt in DjO are shown in Figs. 
3.5, 3.6, and 3.9-3.12. The observed chemical shifts are those of assemblies of 
surfactants because the concentration of gemini surfactants is much higher than 
the cmc. 'ff NMR study reveals that there is significant interaction of the salt 
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anions with the cationic geminis (14-E2-14 & 16-E2-16). Due to the alteration in 
the chemical environment of surfactant molecules there is a change in chemical 
shift and line width values of H NMR spectra which provide direct and strong 
evidence of aggregation and micellar growth. The same is confirmed by the 
viscosity measurements (Fig. 3.13). Various protons attached to carbon atoms are 
labeled (Figs. 3.5 & 3.6) and Fig. 3,8 (a) represents the variation of line width at 
half height (Iw) of the signal relative to -N"^ CH3 group versus [salt]. There is a 
change in line width due to the variation in the spin lattice/spin-spin relaxation 
times, which provides information regarding relative mobility of particular 
grouping in different micellar phases. The segmental motion or rotation of rod-like 
micelles causes a decrease in relaxation time, which results in increase in line 
width. Hence the increase in line width and peak broadening shows that there is 
structural transition from spherical to non-spherical micelles [91]. In our present 
study we have considered the -N CH3 proton signals for the observed chemical 
shift and line width changes on salt variation because the chemical shift and line 
width variation are more pronounced for the protons lying near cationic head 
groups of gemini surfactants. Broad signals are observed in the 'H NMR spectra of 
14-E2-14 and 16-E2-16 with different inorganic and organic salts which is 
indicated by line width values of -N^CHB protons. In presence of inorganic salts 
(KCl, KNO3, and KSCN), broadening of proton resonances is observed which is 
believed to be caused due to end-over-end tumbling motion of rod-shaped micelles 
[125]. A general increase in line width values of-N CH3 protons is observed with 
an increase in the polarizibility of the anion (Fig. 3.7). It has been observed that in 
aqueous medium, chaotropic counterions bind more strongly to the micellar 
surface than kosmotropic counterions. Thus, the chaotropic ions are more effective 
in promoting micellar growth of ionic surfactants than those of the kosmotropes 
[173]. Cf and NO3 ions are fully hydrated with low polarizibility and weakly 
38 
bound to the head groups of cationic micelles and thus remain solvated in the 
upper micellar sheath. SCN" ions being large, weakly hydrated with high 
polarizibility, have tendency to penetrate deeply into the interfacial region of 
monolayer and thus prefer to stay in the bi-layer interior. Thus, larger chaotropic 
anions, like SCN"^ , having a weakly distributed charge and high polarizibility 
promote micellar growth more efficiently, being reflected by the line width values 
of the protons located around the head group as compared to other anions (CI & 
N03~) and the results are also confirmed by the viscosity measurements (Fig 3.13). 
Hence the micellar morphology is being affected by the anions and the magnitude 
of this effect follows the Hofmeister series; Cf < NOj" < SCN". It appears that the 
ability of a particular counterion to promote micellization is related to its position 
in the lyotropic series of anions. This series is basically a measure of the tendency 
of the ions to denature proteins, stronger ions being placed higher in the list. 
Our results clearly support the fact that the nature and structure of salts play 
a key role in influencing the aggregation of cationic gemini surfactants. 
'H N M R measurements have been performed on 14-E2-14-NaBen/NaSal 
and 16-E2-16-NaBen/NaSal systems in order to explore the influence of 
partitioning site of an aromatic salt counterion in the micelles and its possible 
impact on the overall micellar structural changes. The aromatic counterions affect 
the micellization of gemini surfactants both electrostatistically as well as 
hydrophobically. Since aromatic counterions have greater tendency to penetrate 
the head group region resulting in micellar growth at lower loading of the micellar 
surface than needed in the presence of weakly penetrating inorganic counterions. 
Both benzoate and salicylate ions (being large & hydrophobic) have tendency to 
dissolve partly in the palisade layer of the micelles. This gives rise to long thread-
like or worm-like micelles with cationic surfactants, which result due to strong 
binding of the counterions to the micellar surface. The tight-packing aggregates 
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with modified simultaneous curvature are formed because the bound counterions 
decrease the electrostatic repulsion between the positively charged hydrophilic 
head groups by screening and simultaneously enhancing the hydrophobic 
interaction in the palisade layer of the gemini micelles. The hydrophobicity, 
geometric packing constraints, electronic substituent effects, and solvation effects 
influence the extent of penetration of aromatic counterions [174]. The refined 
structure of organic salts significantly affect their adsorption on the surfactant 
aggregates, as the hydrophobic interaction between organic counterions and 
surfactant aggregates is controlled by the position of substituent group in the 
benzene ring of aromatic counterion, influencing the morphology of surfactant 
aggregates. There is a significant change in the chemical shift of-N CH3 protons 
of both the geminis in presence of NaBen as well as NaSal (Tables 3.5 & 3.6). 
There is also an increase in viscosity of the gemini solution upon addition of 
organic sahs (Figs. 3.13 (c) & (d)). With the increase in salt concentrafion, all the 
peaks are broadened. Fig. 3.8 (a) shows the line width at half height (Iw) values 
corresponding to -N^CHs signal versus the concentration of added organic salt. In 
case of NaSal, as the hydroxyl group moves away from the acid group around the 
benzene ring, the hydrophobic part of the benzene ring is more effectively 
shielded, as a result the aromatic counterion becomes less efficient in bringing the 
micellar transition because of the inability of the phenyl group to penetrate well 
into the hydrophobic region of the micelles. Due to the possibility of polar 
hydrogen bonds between -OH group and neighboring acid groups, other types of 
interactions may influence the specific orientation at the micellar surface, thus, 
salicylate ion may show complicated adsorption properties. It was thus, necessary 
to investigate other counterions with almost similar structure. Hence, our 
convenient choice was NaBen with the same skeleton as NaSal except the -OH 
group which is absent in NaBen. The peaks of ethylene groups in long alkyl chain 
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give an upfield as well as downfield signals with an increase in the concentration 
of aromatic salts to the gemini surfactants. There is generally an increase in 5 
values for the protons lying in the vicinity of core carbon atoms, but a decrease is 
observed for the protons of carbon atoms in the vicinity of head group. The 
disappearance of peaks together with peak broadening provides a direct evidence 
of the micellar growth. As a result of the increase in micellar size, there is a 
restriction in the mobility of NaBen and NaSal and this restricted mobility causes 
peak broadening. Thus, our results provide direct evidence that organic 
counterions are solubilized in the palisade layer of the micelles lying between 
hydrophilic head groups and outer core of the micellar interior consisting of first 
few carbon atoms of hydrophobic chain. There is a strong interaction of the 
cationic geminis with aromatic anions, which is being indicated by the resonance 
of 4-H and 5-H protons (decrease in 5 values) with increasing salt concentration. 
The first order 'H N M R spectra of NaBen and NaSal in D2O in absence and 
presence of 14-E2-14 andl6-E2-16 are shown in Figs. 3.9-3.12, respectively, The 
-OH proton is not observed separately in the spectra of NaSal because it is labile 
and exchanges rapidly with deuterium in D2O and thus, merges with the solvent 
peak. The ring protons 3-H, 4-H, 5-H shift to lower chemical shift values, whereas 
the 6-H proton remains more or less shielded in case of both NaBen and NaSal. 
This suggests that the meta and para protons of NaBen and NaSal shift to a more 
nonpolar environment than water, whereas the ortho protons stay in the same polar 
environment in the presence of gemini micelles. 
From the above discussion it is concluded that the NaSal molecule orients 
on the micellar surface in such a way that the -COO" group projects away from 
the positively charged micellar surface, inducing some sort of charge separation. 
This charge separation increases the energy of the system. However, it is expected 
that the total energy of the system is decreased by the attraction of-COO" group 
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to the positively charged surface of a second micelle. The process thus continues 
and dimers, trimers, etc., are formed. This is in accordance with the surface active 
nature of NaSal. This indeed is reflected by the pronounced peak broadening as 
the concentration of the salt is increased. 
Conclusion 
The physico-chemical properties of cationic gemini surfactants can be 
finely tuned by the addition of inorganic and organic salts. Micellar and interfacial 
properties of gemini surfactants (14-E2-14 & 16-E2-16) in the presence of salts 
(inorganic & organic) have been studied by tensiometry, flourimetry, viscometry, 
and NMR. The results show that the cmc and head group area values decrease 
with increasing salt concentration. Several combinations of salts and gemini 
surfactants exhibit pronounced synergistic effects in the micellization behavior 
and surface tension at the cmc of the studied gemini surfactants, strongly reducing 
the cmc values. Thus, such mixtures are attractive in view of a potential 
performance enhancement of a given gemini surfactant. The relative importance of 
the synergistic effects depends on the particular pair of gemini and aromatic 
anions, which must be individually optimized for a given property. The ability to 
promote surfactant aggregation decreases in the order of NaSal > NaBen > KSCN 
> KNO3 > KCl. The organic salts are more effective to promote the aggregation 
because of the hydrophobic nature of the benzene ring of aromatic salts. It is 
observed that both the electrostatic and the hydrophobic interaction exhibited by 
the salt counterions play an important role in deciding the charge neutralization on 
the micellar surface and hence the growth of micelles. This work is helpful in 
understanding the effect of both inorganic and organic salts on the aggregation 
behavior of gemini surfactants and suggests that applying proper salts can 
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effectively adjust the structure of the surfactant aggregates. The findings reported 
in this study could form the basis for utilizing biodegradable surfactants in 
presence of electrolytes in many industrial applications with the ultimate aim of 
producing surface active agent formulations that are green and sustainable. 
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Table 3.1: Various thermodynamic parameters (ycnc, Heme, Tmax, A,„j,„ cmc, AG°,n, 
AG^ ad) for 14-E2-14+salts mixed systems at 30 °C, evaluated on the basis of 
surface tension measurements. 
Cone 
(mM) 
0 
5 
10 
20 
40 
0 
5 
10 
20 
40 
0 
5 
10 
20 
40 
0 
5 
10 
20 
40 
0 
5 
10 
20 
40 
cmc 
(mM) 
0.00147 
0.00110 
0.00091 
0.00087 
0.00082 
0.00147 
0.00102 
0.00091 
0.00083 
0.00079 
0.00147 
0.00104 
0.00079 
0.00072 
0.00067 
0.00147 
0.00086 
0.00065 
0.00064 
0.00057 
0.00147 
0.00081 
0.00078 
0.00058 
0.00048 
/cmc 
45.4 
44.39 
44.21 
44.29 
42.96 
45.4 
45.49 
42.78 
45.53 
43.68 
45.4 
45.44 
44.89 
40.41 
39.70 
45.4 
48.05 
48.5 
44.90 
42.18 
45.4 
43.07 
39.95 
42.40 
42.00 
"cmc 
24.14 
26.26 
26.57 
26.91 
28.14 
24.14 
25.40 
27.67 
28.03 
28.05 
24.14 
24.82 
25.71 
29.27 
31.45 
24.14 
22.84 
22.56 
25.40 
28.30 
24.14 
27.72 
30.75 
29.13 
29.35 
A max 
(M/m^) 
Amin 
(A^) 
KC1+14-E2-14 
9.2676 
10.2731 
10.8534 
15.1568 
16.5415 
179.1516 
161.6172 
152.9759 
109.5419 
100.3722 
KN03+14-E2-14 
9.2676 
13.5365^ 
15.1568 
14.4328 
16.17948 
179.1516 
122.6534 
109.5419 
115.0364 
102.6177 
KSCN+14-E2-14 
9.2679 
16.1048 
16.9379 
17.6331 
18.1099 
179.1516 
103.0936 
98.02289 
94.15819 
91.67877 
NaBen+14-E2-14 
9.2679 
17.0298 
18.6385 
20.8736 
21.3849 
179.1516 
97.4937 
89.0787 
79.5407 
77.6387 
NaSaH-14-E2-14 
9.2679 
17.9721 
18.8799 
21.6377 
23.6487 
179.1516 
92.3822 
87.9402 
76.7317 
70.2069 
^G\ 
(kJmol"') 
-43.951 
-44.690 
-45.153 
-45.272 
-45.421 
-43.951 
-44.864 
-45.153 
-45.384 
-45.501 
-43.951 
-44.805 
-45.502 
-45.733 
-45.908 
-43.951 
-45.298 
-46.017 
-46.023 
-46.313 
-43.951 
-45.445 
-45.559 
-46.255 
-46.719 
ACad 
(kJmor') 
-46.555 
-47.246 
-47.601 
-47.047 
-47.122 
-46.555 
-46.740 
-46.979 
-47.327 
-47.235 
-46.555 
-46.347 
-47.020 
-47.393 
-47.644 
-46.555 
-46.639 
-47.227 
-47.240 
-47.540 
-46.555 
-46.988 
-47.188 
-47.601 
-47.960 
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Table 3.2: Various thermodynamic parameters (ycmc ricnic, Tmax, Amin, cmc, AG",,!, 
ACad) for 16-E2-16+salts mixed systems at 30 "C, evaluated on the basis of 
surface tension measurements. 
Cone 
(mM) 
0 
5 
10 
20 
40 
0 
5 
10 
20 
40 
0 
5 
10 
20 
40 
0 
5 
10 
20 
40 
0 
5 
10 
20 
40 
cmc 
(mM) 
0.00128 
0.00122 
0.00107 
0.00086 
0.00070 
0.00128 
0.00098 
0.00072 
0.00065 
0.00047 
0.00128 
0.00083 
0.00060 
0.00057 
0.00048 
0.00128 
0.00074 
0.00050 
0.00048 
0.00041 
0.00128 
0.00067 
0.00044 
0.00042 
0.00034 
/cmc 
49.13 
48.07 
48.45 
46.79 
45.89 
49.13 
47.48 
49.53 
47.39 
47.62 
49.13 
48.18 
46.3 
48.95 
40.4 
49.13 
47.45 
46.05 
44.95 
41.38 
49.13 
48.22 
45.37 
45.31 
43.37 
i^cmc 
21.12 
21.93 
22.01 
23.36 
25.00 
21.12 
22.51 
22.85 
25.28 
26.38 
21.12 
22.13 
22.5 
25.35 
28.69 
] 
21.12 
23.07 
23.86 
25.37 
26.85 
21.12 
23.07 
23.86 
25.37 
26.85 
r 
i m;ix (M/m^) 
KC1+16-E2-16 
11.0257 
12.6976 
13.2722 
13.8870 
14.5937 
KNO3+I6-E2-I6 
11.0257 
12.5828 
16.6161 
13.7434 
17.8169 
KSCN+16-E2-16 
11.0257 
19.2993 
21.9480 
19.4142 
21.8504 
\aBen+16-E2-16 
11.0257 
16.1450 
15.7083 
14.5995 
12.5196 
NaSal+16-E2-16 
11.0257 
16.0013 
15.7140 
13.6571 
12.2265 
•Aniiii 
(A^) 
150.5844 
130.7563 
125.0959 
119.5579 
113.7683 
150.5844 
131.9504 
99.92098 
120.8075 
93.18655 
150.5844 
86.02902 
75.64698 
85.51982 
75.98514 
150.5844 
102.8368 
105.6955 
113.7235 
132.6166 
150.5844 
103.7600 
105.6500 
121.5698 
135.7949 
AG"m 
(kJmol"') 
-44.299 
-44.420 
-44.760 
-45.295 
-45.810 
-44.299 
-44.979 
-45.736 
-46.005 
-46.818 
-44.299 
-45.385 
-44.299 
-44.347 
-46.777 
-44.299 
-45.675 
-46.661 
-46.777 
-47.183 
-44.299 
-45.675 
-46.661 
-46.777 
-47.183 
ACad 
(kJmol') 
-46.223 
-46.147 
-46.418 
-46.977 
-47.523 
-46.223 
-46.768 
-47.111 
-47.844 
-48.299 
-46.223 
-46.532 
-47.103 
-47.654 
-48.090 
-46.223 
-47.104 
-48.180 
-48.515 
-49.328 
-46.223 
-47.116 
-48.179 
-48.635 
-49.379 
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Table 3.3: Aggregation number (Nggg) of 14-E2-14 in presence of different 
concentrations of various salts. 
Salt (mM) 
0 
5 
10 
20 
40 
KCI 
15.527 
24.650 
37.919 
47.693 
43.268 
Aggregation Num 
KNO3 
15.527 
24.989 
38.736 
47.367 
73.906 
iber 
KSCN 
15.5:27 
30.363 
39.030 
48.562 
81.818 
NaBen 
15.527 
35.400 
40.982 
58.646 
92.435 
Table 3.4: Aggregation number (Nggg) of 16-E2-16 in presence of different 
concentrations of various salts. 
Salt (mM) 
0 
5 
10 
20 
40 
KCI 
28.804 
29.840 
54.574 
75.695 
112.407 
Aggregation 
KNO3 
28.804 
43.667 
70.464 
87.742 
115.072 
Number 
KSCN 
28.804 
44.100 
71.570 
98.105 
119.149 
NaBen 
28.804 
47.750 
74.327 
99.583 
121.845 
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Table 3.5: 'H N M R chemical shifts of gemini 14-E2-14 (0.0074 mM) with various 
concentration of salts. 
System 
14-E2-14 
KCl 
KNO3 
KSCN 
NaBen 
NaSal 
Cone 
(mM) 
0.0074 
20 
20 
20 
5 
10 
20 
5 
10 
20 
1 
0.993 
0.983 
0.969 
0.965 
1.006 
1.028 
1.040 
1.025 
1.044 
1.015 
2 
1.405 
1.398 
1.389 
1.389 
1.402 
1.420 
1.426 
1.422 
1.439 
1.413 
Chemical Shift (5 ppm) 
3 
1.879 
1.881 
1.874 
1.932 
1.737 
1.632 
-
1.663 
-
-
4 
3.432 
3.436 
3.411 
3.556 
3.360 
3.311 
3.269 
3.339 
3.272 
3.149 
5 
3.731 
3.739 
3.782 
3.772 
3.593 
3.494 
3.828 
3.522 
3.852 
-
6 
4.579 
4.590 
4.553 
4.600 
4.477 
4.518 
4.309 
4.443 
4.407 
-
7 
4.644 
4.642 
4.625 
4.670 
4.564 
4.575 
4.468 
4.552 
4.501 
4.407 
Table 3.6: 'H NMR chemical shifts of gemini 16-E2-16 (0.0064 mM) with various 
concentration of salts. 
System 
16-E2-16 
KCl 
KNO3 
KSCN 
NaBen 
NaSal 
Cone 
(mM) 
0.0064 
20 
20 
20 
5 
10 
20 
5 
10 
20 
1 
0.989 
0.980 
0.973 
0.965 
1.013 
1.029 
1.040 
2.223 
1.043 
1.004 
2 
1.408 
1.400 
1.394 
1.389 
1.417 
1.429 
1.438 
2.400 
1.445 
1.419 
Chemical Shift 
3 
1.894 
1.893 
1.873 
1.932 
1.689 
1.869 
-
-
-
-
4 
3.443 
3.442 
3.415 
3.469 
3.342 
3.298 
3.259 
3.283 
3.123 
3.026 
(8 ppm) 
5 
3.745 
3.743 
3.711 
3.772 
3.861 
3.835 
3.811 
2.917 
3.264 
3.763 
6 
4.592 
4.599 
4.559 
4.600 
4.463 
4.324 
4.297 
3.283 
4.329 
4.241 
7 
4.646 
4.641 
4.624 
4.670 
4.537 
4.487 
4.454 
3.478 
4.491 
4.398 
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